During the peri-implantation and early placentation periods in pigs, conceptuses (embryo and its extra-embryonic membranes) undergo dramatic morphological changes and differentiation that require the exchange of nutrients (histotroph) and gasses across the trophectoderm and a true epitheliochorial placenta. Of these nutrients, arginine (Arg), leucine (Leu), and glutamine (Gln) are essential components of histotroph; however, little is known about changes in their total amounts in the uterine lumen of cyclic and pregnant gilts and their effects on cell signaling cascades. Therefore, we determined quantities of Arg, Leu, and Gln in uterine luminal fluids and found that total recoverable amounts of these amino acids increased in pregnant but not cyclic gilts between Days 12 and 15 after onset of estrus. We hypothesized that Arg, Leu, and Gln have differential effects on hypertrophy, hyperplasia, and differentiated functions of trophectoderm cells that are critical to conceptus development. Primary porcine trophectoderm (pTr) cells treated with either Arg, Leu, or Gln had increased abundance of phosphorylated RPS6K, RPS6, and EIF4EBP1 compared to basal levels, and this effect was maintained for up to 120 min. When pTr cells were treated with Arg, Leu, and Gln, low levels of pRPS6K and pEIF4EBP1 were detected in the cytosol, but the abundance of nuclear pRPS6K increased. Immunofluorescence analyses revealed abundant amounts of pRPS6 protein in the cytoplasm of pTr cells treated with Arg, Leu, and Gln. These amino acids also increased proliferation of pTr cells. Furthermore, when Arg, Leu, and Gln were combined with siRNAs for either MTOR, RPTOR, or RICTOR, effects of those amino acids on proliferation of pTr cells were significantly inhibited. Collectively, these results indicate that Arg, Leu, and Gln act coordinately to stimulate proliferation of pTr cells through activation of the MTOR-RPS6K-RPS6-EIF4EBP1 signal transduction pathway.
INTRODUCTION
During the peri-implantation period of pregnancy, porcine blastocysts undergo dramatic morphological changes requiring cell proliferation, migration, and differentiation as they transition into conceptuses (embryo/fetus and associated extra-embryonic membranes) [1] . This process requires molecules, known collectively as histotroph, which includes growth factors, hormones, cytokines, lipids, ions, sugars, and amino acids that are either secreted into or transported into the uterine lumen by uterine epithelia. Nutrients such as arginine (Arg), leucine (Leu), and glutamine (Gln) are required by cells for energy, metabolism, and cell signaling; therefore, deficiencies during early pregnancy result in poor pregnancy outcomes, as well as poor postnatal growth and health [2, 3] . Results of studies of the uterine gland knockout ewe model demonstrated the requirement for secretions of the uterine glandular epithelium for conceptus survival, elongation of trophectoderm, and pregnancy recognition signaling [4] . Our previous studies with ewes revealed that the amounts of glucose, Arg, Leu, and Gln in the uterine lumen and their cognate transporters in endometrial epithelia and conceptus trophectoderm increase during the peri-implantation period, when the conceptus is elongating [5, 6] . In addition, we found that Arg and Leu in histotroph coordinately activate protooncogenic protein kinase Akt 1 (AKT1), mechanistic target of rapamycin (MTOR), ribosomal protein S6K (RPS6K), and ribosomal protein S6 (RPS6) cell signaling to stimulate hypertrophy, hyperplasia, and migration of ovine trophectoderm cells [7] . Furthermore, Arg, Leu, and Gln differentially increased synthesis of key proteins associated with conceptus development including nitric oxide synthase 1 (NOS1, which catalyzes the production of nitric oxide [NO] from L-arginine), NOS2, ornithine decarboxylase (ODC1, which catalyze the decarboxylation of ornithine to yield putrescine), guanosine triphosphate cyclohydrolase 1 (GCH1, which catalyze the conversion of guanosine triphosphate to 7,8-dihydroneopterin 3 0 -triphosphate), and interferon tau (IFNT, the pregnancy recognition signal in ruminants), in explants cultures of Day 16 ovine conceptuses [8] .
Despite the requirement for histotroph, little is known about cell signaling pathways stimulated by Arg, Leu, and Gln in porcine trophectoderm cells and how nutrients stimulate conceptus development during pregnancy. Therefore, the present study was performed to determine: 1) total recoverable amounts of Arg, Leu, and Gln in the uterine lumen of gilts on Days 5, 9, 12, and 15 of the estrous cycle and Days 9, 10, 12, 13, 14, and 15 of pregnancy; and 2) the molecular mechanisms by which Arg, Leu, and Gln activate MTOR-RPS6K-RPS6-EIF4EBP1 (eukaryotic translation initiation factor 4E-binding protein 1) cell signaling and proliferation of pig trophectoderm cells.
MATERIALS AND METHODS

Animals
Sexually mature gilts of similar ages, weights, and genetic backgrounds were observed daily for estrus (Day 0) and exhibited at least two estrous cycles of normal duration (18-21 days) before being used in these studies. All experimental and surgical procedures were in compliance with the Guide for Care and Use of Agricultural Animals in Teaching and Research and approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Analyses and Calculations of Arginine, Leucine, and Glutamine in Porcine Uterine Flushings
Gilts were assigned randomly to either cyclic or pregnant status. Those in the pregnant group were bred when detected in estrus and 12 and 24 h thereafter. Gilts were ovariohysterectomized on either Day 5, 9, 12, or 15 of the estrous cycle or on Day 9, 10, 12, 13, 14, or 15 of pregnancy (n ¼ 3 to 4 pigs per day per status), and uteri were flushed with 20 ml of 10 mM Tris buffer (pH 7.0) as we described previously [9] . Pregnancy was confirmed by the presence of morphologically normal conceptuses. Conceptuses were removed and fixed in fresh 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.2). Uterine flushings were clarified by centrifugation at 3000 3 g for 15 min at 48C, and the supernatant was divided into aliquots and stored at À808C until analysis. Uterine flushings (0.5 ml) were deproteinized with an equal volume of 1.5 M HClO 4 , followed by addition of 0.25 ml of 2 M K 2 CO 3 , because they are the preferred acid and base, respectively, for processing biological samples for analyses of amino acids [10] . Amino acids in the extract were determined by fluorometric high-pressure liquid chromatography (HPLC) methods involving precolumn derivatization with o-phthalaldehyde as described previously [11] . The total recoverable amount of each amino acid was calculated by multiplying concentrations in the uterine flushing by volume of uterine flushing.
Cell Culture
An established mononuclear porcine trophectoderm (pTr) cell line from Day 12 conceptuses was used in the present in vitro studies as described previously [12, 13] . Briefly, the pTr cells were cultured in growth medium (Dulbecco modified Eagle medium-F12 (DMEM-F12) medium that included 10% fetal bovine serum (Gibco BRL, Grand Island, NY), 50 U of penicillin, 50 lg of streptomycin, 0.1 mM of each nonessential amino acid, 1 mM sodium pyruvate, 2 mM glutamine, and 0.7 lM insulin. When the density of cells in the dishes reached approximately 80% confluency, they were passaged at a ratio of 1:3, and frozen stocks of cells were prepared at each passage. For the experiments, monolayer cultures of pTr cells (between passages 9 and 13) were grown in culture medium to 80% confluency in 100 mm tissue culture plates. Cells were serum starved for 24 h in customized medium [14] , deprived of either arginine (Arg), leucine (Leu), or glutamine (Gln) for 6 h; and then treated with Arg, Leu, or Gln in a dose-and time-dependent manner. This design was replicated in three independent experiments, and in each experiment, each treatment was replicated three times.
Proliferation Assay
The pTr cells were subcultured in 24-well plates (20% confluence) in growth medium until the monolayer reached 30% confluency and were then switched to serum-and insulin-free customized medium. After starvation for 24 h, cells were deprived of either Arg, Leu, or Gln for 6 h and then either Arg (0.4 mM), Leu (0.4 mM), or Gln (2 mM) was added to the assigned wells (n ¼ 3 wells per treatment) with 5% serum. Cells grown in customized medium with either 0% or 10% fetal bovine serum served as negative and positive controls, respectively. Medium was changed every 2 days, and treated cells were maintained for 4 days. Cell numbers were determined as described previously [7, 14, 15] . Briefly, DMEM was removed from the cells by vacuum aspiration. The cells were then fixed in 50% ethanol for 30 min, after which time the fixative was removed by vacuum aspiration and the fixed cells stained with Janus Green B in PBS (0.2% w/v) for 3 min at room temperature. The stain was removed immediately by using a vacuum aspirator, and the whole plate was sequentially dipped into water and destained by gentle shaking. The remaining water was removed by shaking, the stained cells were immediately lysed in 0.5 N HCl, and absorbance readings were taken at 595 nm using a microplate reader. As described previously [15] , cell numbers were calculated from absorbance readings using the following formula: cell number ¼ (absorbance À 0.00462)/0.00006926. The entire experiment was independently replicated three times with different batches of pTr cells between passages 7 and 10.
Western Blot Analyses
Whole-cell extracts and immunoblot assays were prepared and performed as described previously [7, 8, 16] . To harvest total cellular proteins for Western blot analyses, pTr cells were rinsed with cold PBS and lysed by incubation in lysis buffer (1% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 0.2 mM Na 3 VO 4 , 0.2 mM phenylmethylsulfonylfluoride, 50 mM NaF, 30 mM Na 4 P 2 O 7 , 1 lg/ml leupeptin, and 1 lg/ml pepstatin) for 30 min at 48C. Cell lysates were passed through a 26-gauge needle and clarified by centrifugation (16,000 3 g for 15 min at 48C). The protein content was determined using the Bradford protein assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. Proteins were denatured, separated using SDS-PAGE, and transferred to nitrocellulose. Western blotting was performed as described previously [7, 8, 16] using enhanced chemiluminescence detection (SuperSignal; West Pico, Pierce, Rockford, IL). The band intensities were quantified using the ChemiDoc EQ system and Quantity One software (Bio-Rad, Hercules, CA). Immunoreactive proteins separated by 10% SDS-PAGE were detected using rabbit anti-human polyclonal p-RPS6K immunoglobulin G (IgG; catalog no. 9204) at a 1:1000 dilution and RPS6K IgG (catalog no. 9202) at a 1:2000 dilution; and rabbit anti-human polyclonal phospho-RPS6 IgG (catalog no. 2211) at a 1:1000 dilution and RPS6 IgG (catalog no. 2217) at a 1:2000 dilution. Immunoreactive proteins separated by 10% SDS-PAGE were detected using rabbit anti-human polyclonal p-EIF4EBP1 IgG (catalog no. 9451) and EIF4EBP1 IgG (catalog no. 9452), each at dilutions of 1:1000. All antibodies used in this study were from Cell Signaling Technology (Danvers, MA).
Immunofluorescence Analyses
The effects of Arg, Leu, or Gln on phosphorylation of RPS6K, EIF4EBP1, and RPS6 were determined by immunofluorescence microscopy as previously described [7, 17] . Briefly, pTr cells were grown in Lab-Tek four-well chamber slides (Nalge Nunc International, Rochester, NY) and treated with 0.4 mM Arg, 0.4 mM Leu, and 0.8 mM Gln for 30 min. At time 0, 15, 30, 60, and 120 min, cells were fixed for 10 min in 4% paraformaldehyde, rinsed, blocked in 5% normal goat serum, and incubated with primary antibody overnight at 48C. Rabbit IgG was substituted for the primary antibody as a negative control. Cells probed with rabbit anti-human polyclonal phospho-RPS6K IgG (Thr421/ Ser424; catalog no. 9204) at a 1:200 dilution, rabbit anti-human polyclonal phospho-RPS6 IgG (catalog no. 2211) at a 1:200 dilution or rabbit anti-rat polyclonal phospho-EIF4EBP1 IgG (catalog no. 9451) at a 1:200 dilution (these antibodies were from Cell Signaling Technology) were incubated with goat anti-rabbit IgG Alexa 488 (Chemicon, Pittsburgh, PA) at a 1:200 dilution for 1 h at room temperature. Cells were then washed and overlaid with Prolong Gold Antifade with 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen-Molecular Probes, Eugene, OR). Slides were stored at 48C in the dark before microscopic analyses. Fluorescence images of cells after treatment were captured using an Axioplan 2 microscope with Axiocam HR digital camera and Axiovision 4 software. For each primary antibody, images were captured with identical microscope and detector settings to ensure legitimate comparisons of spatial distribution and fluorescence intensity among treatments.
Target-Specific siRNAs for MTOR, RPTOR, or RICTOR Knockdown
Three potential small interfering RNA (siRNA) target sites were identified using the Invitrogen design program for mRNA sequences of porcine MTOR (EU288086.1), RPTOR (BP169784.1), and RICTOR (BF443843.1). The most effective target sequences (CCC UGA AGU UCC AUU GCC A for MTOR; CGA AGC UCU CUG AAC CUC U for RPTOR; and UGA UCG AGG UGC AAG AGU A for RICTOR) were identified and synthesized. Silencer Negative control siRNA (Cell Signaling Technology), which does not cause specific degradation of any cellular mRNA, was used as a negative control. Downregulation of MTOR, RPTOR, or RICTOR expression was confirmed by Western blotting.
Transfection
The process of translation of mRNA is tightly regulated at the step of recruitment of ribosome and eukaryotic initiation factors. To determine whether KIM ET AL. amino acids activated MTOR for translation initiation and decreased binding of EIF4EBP1 to EIF4E, eukaryotic translational components were tested in pulldown assays using 7-methyl-GTP-Sepharose beads to capture EIF4E. pTr cells were treated with specific MTOR, RPTOR, or RICTOR siRNAs or controls that included naïve treatment (no siRNA or Lipofectamine 2000) and mock treatment (Lipofectamine 2000 only). siRNA was transfected according to the manufacturer's procedure. To analyze for effects of Arg-, Leu-, or Gln-induced proliferation of pTr cells, Arg (0.4 or 2 mM), Leu (0.4 or 2 mM), or Gln (2 or 4 mM) along with each siRNA was added to the culture medium at 48 h posttransfection, and the incubation continued for another 48 h. Using green fluorescein-conjugated control siRNA duplexes (Cell Signaling Technology), we estimated that more than 95% of the cells were transfected.
7-Methyl GTP Sepharose 4B Beads Assay
Porcine trophoblast cells were plated in 10-cm dishes and maintained prior to serum deprivation. Amino acid-or siRNA-treated protein extracts were prepared in lysis buffer. Approximately 500 lg of total protein was incubated with 50 ll of 7-methyl GTP Sepharose 4B beads overnight at 48C to bind EIF4E. Pelleted beads were washed four times with lysis buffer, and bound proteins were suspended in 40 ll of 23 sample buffer. Denatured proteins containing EIF4E, EIF4G, and EIF4EBP1 levels were analyzed by Western blotting to determine whether Arg, Leu, and Gln each increased the assembly of EIF4E to EIF4G of the cap complex by signaling through MTOR to stimulate mRNA translation.
Statistical Analyses
All quantitative data were subjected to least-squares ANOVA using the general linear models procedures of the Statistical Analysis System (SAS Institute, Inc.). Western blot data were corrected for differences in sample loading using the total protein or alpha-tubulin data as a covariate. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. A P value of 0.05 or less was considered significant. Data are presented as least-squares means 6 SEM.
RESULTS
Recoverable Amounts of Selected Amino Acids in Uterine Flushings
As shown in Figure 1 , total recoverable Arg, Leu, and Gln from porcine uterine flushings were greater for pregnant than for cyclic gilts (status, P , 0.05). In cyclic gilts, total amounts of Arg increased between Days 5 and 12 of gestation but did not change further to Day 15 (cubic effect of day, P , 0.05). In pregnant gilts, total recoverable Arg increased (linear effect of day, P , 0.05) between Days 9 and 15 (Fig. 1A) . Although amounts of Leu were not affected by day or day X status, values were higher (status, P , 0.01) for pregnant than for cyclic gilts (Fig. 1B) . Total recoverable Gln also increased to a greater extent in pregnant than in cyclic gilts between Days 9 and 15 (day X status, P , 0.05).
Arg, Leu, and Gln Activate RPS6K-RPS6-EIF4EBP1 Signal Transduction in Porcine Trophectoderm Cells
Western blot analyses of pTr cell extracts using antibodies to phosphorylated target proteins revealed that, relative to basal levels (P , 0.01), Arg increased phosphorylated RPS6K (pRPS6K) by 3.2-fold within 15 min, phosphorylated RPS6 (pRPS6) by 2.7-fold within 30 min and up to 120 min, and phosphorylated EIF4EBP1 (pEIF4EBP1) by 2.9-fold within 30 min (Fig. 2A) . Compared to basal values, Leu increased pRPS6K (3.7-fold, P , 0.01) at 120 min, whereas pRPS6 increased (2.7-fold, P , 0.01) within 30 min, and the increase in pRPS6 was sustained to 120 min, while pEIF4EBP1 increased 3.1-fold (P , 0.01) within 30 min (Fig. 2B) . Gln also stimulated pRPS6K, pRPS6, and pEIF4EBP1 protein abundance by 3.8-fold (P , 0.01), 3.7-fold (P , 0.01), and 3.3-fold (P , 0.01), respectively, compared to basal levels within 30 min (Fig. 2C) .
Phosphorylation of RPS6K, RPS6, and EIF4EBP1 by Arg, Leu, and Gln
The effects of Arg, Leu, and Gln on the phosphorylation of RPS6K, RPS6, and EIF4EBP1 proteins were determined by immunofluorescence analyses (Fig. 3) . The pTr cells were incubated for 30 min with either 0.4 mM Arg, 0.4 mM Leu, or 0.8 mM Gln. Untreated pTr cells had low levels of pRPS6K in the cytosol and nuclei, but there were abundant amounts of nuclear pRPS6K in cells treated with Arg, Leu, and Gln compared to control cells (Fig. 3A) . Interestingly, pRPS6 protein was more abundant in the cytoplasm of pTr cells treated with Arg, Leu, and Gln (Fig. 3B) . These results support the finding that RPS6 is detectable mainly in the cytoplasm of treated cells as it is the ribosomal protein typically activated through the MTOR pathway for mRNA translation and protein synthesis in the cytoplasm [18] . Furthermore, 30 min of treatment with Arg, Leu, or Gln increased nuclear expression of phosphorylated EIF4EBP1 protein (Fig. 3C) .
Effects of Arg, Leu, and Gln on Porcine Trophectoderm Cell Proliferation
Cell proliferation assays were conducted to investigate biological effects of Arg, Leu, and Gln on pTr cells. Treatment   FIG. 1 . Total recoverable arginine (Arg) (A), leucine (Leu) (B), and glutamine (Gln) (C) in porcine uterine flushings from cyclic and pregnant gilts. Total recoverable Arg, Leu, and Gln were greater for pregnant than for cyclic gilts (status, P , 0.05). In cyclic gilts, total recoverable Arg increased between Days 5 and 12 of gestation but not between Days 12 and 15 (cubic effect of day, P , 0.05). In pregnant gilts, the amount of Arg increased (linear effect of day, P , 0.05) between Days 9 and 15. Amounts of Leu were not affected by day or day X status, but values were higher overall for pregnant gilts (status, P , 0.01). Total recoverable Gln also increased to a greater extent in pregnant than in cyclic gilts between Days 9 and 15 (day X status, P , 0.05). Data are presented as least-squares means 6 SEM.
MTOR SIGNALING PATHWAY IN PORCINE TROPHECTODERM
of pTr cells with either Arg or Leu in customized medium containing 5% serum for 4 days increased (P , 0.001) pTr cell numbers by approximately 8.2-fold and 8.1-fold, respectively (Fig. 4A) . However, treatment of pTr cells with Gln did not increase proliferation of pTr cells. Interestingly, effects of Arg and Leu on cell proliferation were decreased in the absence of Gln, while an excess of Gln (4 mM) in the presence of 1% serum increased (P , 0.05) proliferation of pTr cells by 1.6-fold (Fig. 4B) .
MTORC1 (MTOR-RPTOR) and MTORC2 (MTOR-RICTOR) Cell Signaling Pathways in Response to Arg, Leu, and Gln
As illustrated in Figure 5A , the MTOR protein was decreased by 60%, 70%, and 72% at 48 h post-transfection with MTOR siRNA at 10, 25, and 50 nM, respectively. Cell transfected with MTOR-specific siRNA had less MTOR than näive and mocktreated cells (P , 0.001) and cells transfected with control siRNA (P , 0.001). When Arg, Leu, and Gln were combined with MTOR siRNA, the levels of inhibition were 56% (P , 0.01), 60% (P , 0.01), and 22% (P , 0.05), respectively, on pTr cell proliferation (Fig. 5, B-D) . In addition, RPTOR protein expression was inhibited 70%, 80%, and 82% at 48 h posttransfection with RPTOR siRNA at 10, 25, and 50 nM (Fig. 5E ).
Porcine Tr cells transfected with the RPTOR-specific siRNA had less RPTOR protein than näive and mock-treated cells (P , 0.001) and cells transfected with control siRNA (P , 0.001). Furthermore, when Arg, Leu, and Gln were combined with RPTOR siRNA, there were 40%, 45%, and 18% inhibitory effects of each (P , 0.05), respectively, on pTr cell proliferation (Fig. 5, F-H) . Additionally, as shown in Figure 5I , RICTOR protein expression was inhibited 75%, 85%, and 90% after transfection with RICTOR siRNA at 10, 25, and 50 nM. pTr cells treated with RICTOR-specific siRNA had less RICTOR than näive and mock-treated (P , 0.001) cells transfected with control siRNA (P , 0.001). Consistent with the effects on MTOR and RPTOR, when Arg, Leu, and Gln were combined with RICTOR siRNA, there were decreases of 28%, 35%, and 18% (P , 0.05) for each, respectively, on pTr cell proliferation (Fig. 5, J-L) .
Collectively, these results demonstrate that the MTORC1 (MTOR-RPTOR) and MTORC2 (MTOR-RICTOR) signaling pathways are stimulated by Arg, Leu, and Gln in pTr cells.
MTOR Protein Is Required for Amino Acid-Sensitive Translation
To determine whether amino acids activated MTOR for translation initiation and decreased the binding of EIF4EBP1 to 4 . Dose-dependent effects of Arg, Leu, and Gln alone (A) and additive effects of Gln on cell proliferation induced by Arg and Gln, and effects of serum on stimulatory effects of Gln (B). pTr cells were seeded at 30% confluence in wells and cultured with the indicated doses of Arg, Leu, or Gln. Cell numbers were determined after 46 h or 96 h of incubation, and data are expressed at a percentage relative to nontreated controls (100%). All quantitative data are presented as the least-squares mean 6 overall SEM. Arg (2 mM) and Leu (0.4 mM) were most effective, inducing 8.2-fold and 8.1-fold (P , 0.001) stimulation, respectively, of oTr cell proliferation after 4 days, whereas Gln (0-4 mM) did not have a significant effect. Asterisks denote the effect of treatment (*P , 0.05 and ***P , 0.001). See Materials and Methods for a complete description.
MTOR SIGNALING PATHWAY IN PORCINE TROPHECTODERM EIF4E
, eukaryotic translational components were tested by pull-down assays using 7-methyl-GTP-Sepharose beads to capture EIF4E. Cells were treated first separately with either Arg, Leu, or Gln. Western blots of proteins coprecipitated with the beads revealed an increase in the association of EIF4G with EIF4E in cells treated with Arg, Leu and Gln. On the other hand, treatment with Arg, Leu and Gln decreased coprecipitation of EIF4EBP1 at 60 and 120 min after treatment. Similar   FIG. 5 . MTOR, RPTOR, or RICTOR siRNA knockdown decreased proliferation of porcine trophectoderm cells. A), MTOR protein levels were measured in the control group (naïve, mock, and control siRNA treatment) and in the MTOR silencing group (dose-dependent manner). Blots were imaged to calculate the normalized values presented as levels of MTOR protein relative to those of alpha-tubulin (TUBA) protein. B-D) Effects of Arg, Leu, or Gln combined with MTOR siRNA treatment on proliferation of pTr cells. E) RPTOR protein levels were measured in the control group (naïve, mock, and control siRNA treatment) and in the RPTOR silencing group (dose-dependent manner). Blots were imaged to calculate the normalized values, presented as levels of RPTOR protein relative to those of TUBA protein. F-H) Effects of Arg, Leu, or Gln combined with RPTOR siRNA treatment on proliferation of pTr cells. I) RICTOR protein levels were measured in the control group (naïve, mock, and control siRNA treatment) and in the RICTOR silencing group (dosedependent manner). Blots were imaged to calculate the normalized values presented as levels of RICTOR protein relative to those of TUBA protein. J-L) Effects of Arg, Leu, or Gln combined with RICTOR siRNA treatment on proliferation of pTr cells. All quantitative data are presented as the least-squares mean 6 overall SEM. Asterisks denote a significant effect (*P , 0.05, **P , 0.01, and ***P , 0.001). See Materials and Methods for complete description.
FIG. 6. Porcine trophectoderm cells were starved and treated with Arg, Leu, and Gln at the indicated times, after which EIF4E was pulled down with 7-methyl GTP beads. The levels of EIF4EBP1 and EIF4G associated with 7-methyl GTP beads were analyzed using Western blotting to reveal that Arg, Leu, and Gln each increase the assembly of EIF4E to EIF4G of the cap complex by signaling through MTOR to increase mRNA translation. Results are representative of at least three individual experiments. There are three EIF4EBP1 isoforms, designated a, b, and c, that have the potential to be differentially phosphorylated. As shown in this figure, multiple isoforms of EIF4EBP1 were detected, particularly for cells treated with Arg and Leu. However, as noted in Figure 2 legend, only the 15-to 20-kDa phosphorylated form of EIF4EBP1 was detected in response to treatment with either Arg, Leu, or Gln when proteins were separated using 10% SDS-PAGE.
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amounts of EIF4E were bound to 7-methyl-GTP Sepharose beads under all conditions. These results indicate that phosphorylation of EIF4EBP1 and subsequent recruitment of EIF4G to the EIF4E cap complex is sensitive to the presence of Arg, Leu, and Gln in cells (Fig. 6) . Next, we determined whether the MTOR system was required for translation initiation by amino acids. In pTr cells transfected with MTOR siRNA, EIF4G and EIF4E interactions were decreased compared to cells treated with the control siRNA (Fig. 7) . These results revealed that Arg, Leu and Gln each increase the assembly of EIF4E to EIF4G of the cap complex by signaling through MTOR.
DISCUSSION
Results of the present study indicate changes in total recoverable amounts of Arg, Leu, and Gln in the uterine lumen of pregnant, but not in cyclic, gilts between Days 12 and 15 after onset of estrus. Furthermore, these are the first results to demonstrate key roles of Arg, Leu, and Gln in stimulating proliferation of pTr cells through the MTOR-RPS6K-RPS6-EIF4EBP1 signal transduction pathway. The results also confirm the stimulatory effects of Arg on stimulation of the MTOR cell signaling pathway in pTr cells [14] . These novel findings support our hypothesis that amino acids influence fetal-placental growth and development and that adequate amounts of these nutrients is critical to conceptus development during early pregnancy.
During the peri-implantation and early placentation periods, pig conceptuses must achieve contact with a maximum amount of uterine endometrial surface area for the exchange of nutrients and gasses across a true epitheliochorial placenta for survival, as well as growth and development [19] . These nutrients are essential for protein synthesis; however, amino acids are also involved in production of many biologically active substances including polyamines, nitric oxide (NO), peptides, neurotransmitters, nucleotides, and creatine [20] . They also play pivotal roles in mechanisms for secretion of hormones, cell signaling cascades, and various developmental events such as fetal-placental growth [3, [20] [21] [22] [23] . Maintenance of mouse blastocysts for 5 days in culture medium lacking Arg leads to arrested development [24] . Furthermore, mouse blastocysts require either Arg or Leu in culture medium to exhibit expansion, motility, and outgrowth of trophectoderm [24] [25] [26] [27] . These results suggest that blastocyst expansion, invasion and implantation in vivo likely require the presence of these specific amino acids within the uterine lumen. In the present study, dynamic changes in amounts of Arg, Leu, and Gln in the uterine lumen of pregnant gilts were coordinate with survival, rapid growth, and elongation of conceptuses between Days 12 and 15 of pregnancy. These changes in recoverable amounts of Arg, Leu, and Gln were greater in pregnant gilts than in cyclic gilts, which indicates that mechanisms for transport of these amino acids into the uterine lumen are influenced by regulatory molecules from conceptuses that, in turn, require these nutrients for successful development and implantation.
Several amino acids (Arg, Leu, and Gln) initiate cell signaling cascade via either serine-threonine kinase, MTOR cell signaling pathways to stimulate transcription of insulin-like growth factor 2 (IGF2) [28] , nitric oxide synthase (NOS) for synthesis of nitric oxide (NO) [27] , and ornithine decarboxylase (ODC1) for synthesis of polyamines such as putrescine, spermine, and spermidine [28] and to regulate peritranslational mechanisms including protein synthesis and catabolism. Indeed, MTOR-RPS6K cell signaling stimulated by amino acids such as Arg, Leu, and Gln and some mitogens stimulate cell proliferation, differentiation, and gene expression [29, 30] . MTOR also acts in parallel with the PI3K-AKT1 pathway to transduce growth factor signals and regulate common downstream effectors such as RPS6K and EIF4EBP1. However, little is known about either member of the MTOR-RPS6K or PI3K-AKT pathways in porcine trophectoderm development during pregnancy. Therefore, we used customized medium containing physiological concentrations of all other amino acids except the one for which effects were tested to mimic the in vivo state. This allowed us to use pTr cells deprived of select nutrients to determine individual effects of Arg, Leu, and Gln on signal transduction via the MTOR pathway. Using this technique of amino acid deletion and then addition of controlled amounts of each amino acid, we found that Arg, Leu, and Gln increased phosphorylated RPS6K (pRPS6K), RPS6 (pRPS6), and EIF4EBP1 (pEIF4EBP1) within 15 min and/or 60 min relative to basal levels, respectively, and that this activation was maintained for up to 120 min. This finding supports our previous report that Arg, Leu, and Gln have substantial stimulatory effects on MTOR-RPS6K-RPS6-EI-F4EBP1 cell signaling in ovine trophectoderm cells [7, 8, 16] and several intestinal epithelial cells in mammals [31, 32] .
Exogenous amino acid-induced MTOR cell signaling is critical to the initiation of trophectoderm outgrowth in mice [25, 27] , which may allow the conceptus and uterus to coordinate the translation of proteins required for differentiation of trophoblast with development of uterine epithelia receptive to implantation. In addition, amino acids such as Arg, which can be converted to ornithine and then to polyamines by arginase and ODC1, respectively, is a nutritionally essential amino acid for spermatogenesis, embryonic survival, and fetal and neonatal growth [33] . In mink (Neovison vison), polyamine deprivation results in a reversible arrest of blastocyst development prior to implantation [34] . These results indicate that polyamines mainly stimulate proliferation and migration of trophectoderm cells and are required for the transition of blastocysts in delayed implantation to an activated state for expansion and implantation. We previously reported that Arg can also be metabolized by NOS1/NOS2 to NO that stimulates proliferation, migration, and protein synthesis in an established ovine trophectoderm cell line [7, 8, 16] . Of particular note, the two NO donors S-nitroso-N-acetyl-DL -penicillamine (SNAP) and diethylenetriamine NONOate (DE-TA) increased proliferation of trophectoderm cells, as did putrescine, a polyamine MTOR SIGNALING PATHWAY IN PORCINE TROPHECTODERM [16] . Both L-NAME (NOS inhibitor to reduce NO) and nor-NOHA (arginase inhibitor to block synthesis of ornithine) decreased trophectoderm cell proliferation [16] . These results suggest that both NO and polyamines stimulate proliferation and migration of trophectoderm cells, but neither of the inhibitors of Arg metabolism fully suppressed effects of Arg. In the present study, we demonstrated that treatment of pTr cells with Arg and Leu in customized medium increased pTr cell proliferation by approximately 8-fold. In addition, as illustrated in Figure 5 , siRNA knockdown experiments showed that MTOR regulatory associated protein of MTOR (RPTOR) and rapamycin-insensitive companion of MTOR (RICTOR) proteins are involved in the regulatory mechanism and signaling pathway(s) responsible for biological effects (i.e., cell proliferation) of Arg and Leu on conceptus survival and development in gilts. We further demonstrated that amino acids activated downstream effectors through MTOR and thereby control of components of translation initiation machinery including mRNA translation factors (EIF4EBP1, EIF4E and EIF4G). Therefore, we suggest that Arg and Leu act via MTOR-RPTOR and/or MTOR-RICTOR, which form the catalytic core of two distinct signaling complexes known as mammalian target of rapamycin complex 1 (MTORC1)/ MTORC2 [35] to stimulate protein synthesis for trophectoderm cell growth, proliferation, and metabolism. On the other hand, Arg and Leu can also activate mitogen-activated protein kinase/extracellular-signal-regulated kinase (MEK/ERK) signaling, but the detailed mechanism(s) and connection between MTORC1/MTORC2 and MEK/ERK signal transduction pathway is unknown [36] .
Collectively, to our knowledge, the present study provides the first detailed comparative analyses of actions of individual amino acids on cell signaling pathways in pTr cells. Our results indicate that Arg, Leu, and Gln likely influence porcine fetal/ placental development by activating the MTOR-RPS6K-RPS6-4EIF4EBP1 pathways. Therefore, the present results provide important insights regarding the mechanisms by which these amino acids in uterine histotroph regulate conceptus development during the peri-implantation and early placentation period in gilts.
